Ethoxyresorufin-o-deethylation (EROD) can be used as a sensitive measure of hepatic detoxification function. In this study, we employed a fluorescence assay based on EROD to study the effect of varying Peclet number (or flow) on hepatic function in a microchannel flat-plate bioartificial liver (BAL) reactor containing a coculture of hepatocytes and fibroblasts. Static culture and reactor flow experiments established that: 1) a pseudo-steady-state detoxification rate could be attained at each Peclet number, 2) the steady-state detoxification rate increased nonlinearly with Peclet number (ranging from 167 to 2500), 3) the uptake rate of substrate was a linear function of cell surface substrate concentration (<1 µM), and 4) a shear stress of 10 dyne/cm 2 did not adversely affect hepatic function for at least 12 h. A convection-diffusion-reaction model supports the conclusion that increased convective mass transfer of substrate to the cell surface is the primary cause of the observed increase in EROD rate with Peclet number. Our results suggest that detoxification rates can be enhanced by an order of magnitude by choosing an appropriate Peclet number. For our bioreactor configuration, this optimum corresponds to a Peclet number range of 1000-2000 at a Damkohler number of 0.55. The usefulness of the mathematical model is discussed in the context of scale-up to a clinical BAL reactor for human application.
INTRODUCTION
metabolic and synthetic functions (7, 15, 17) . The importance of detoxification makes it imperative to design a BAL reactor where this hepatic function is carried out The liver is recognized as an important organ for drug metabolism (1) and drug hepatotoxicity accounts efficiently.
In the liver, biotransformation of xenobiotic sub-for roughly 20% of cases of acute liver failure (18). Massive hepatic necrosis and loss of function arising stances into easily eliminated polar metabolites is known to involve cytochrome P450 enzymes that carry out from severe liver injury causes loss of metabolic capacity and accumulation of toxins. Some of these toxins phase I oxidation reactions (1) . The cytochrome P450 enzyme superfamily comprises more than 150 hemo-have been identified as ammonia, mercaptans, phenols, bilirubin, endotoxin, and fatty acids. Various treatment protein isoforms that occur mainly in the endoplasmic reticulum and mitochondria (3, 8, 9) . Cytochrome P4501A1 options for toxin removal using membranes or adsorbents have been suggested (10, 12, 14, 20) . Procedures (CYP1A1) is a substrate-inducible microsomal enzyme that oxygenates polycyclic aromatic hydrocarbons and is such as hemodialysis, hemoperfusion, hemofiltration, and plasmapheresis have not been proven to be effective expressed mainly in the liver, lung, and intestine (6) . CYP1A1 activity can be enhanced by treatment with in- (10, 12, 14, 20) . Some of the problems with these treatment methods arise from the need to eliminate a wide ducers such as 3-methylcholanthrene (13). A sensitive assay for CYP1A1 activity in rat hepatocytes is the de-range of toxins including protein-bound and lipophilic toxins that require nonspecific adsorbents. An extra-ethylation of 7-ethoxyresorufin (EROD) to the highly fluorescent product resorufin. Although CYP1A2 con-corporeal bioartificial liver (BAL) reactor containing cultured hepatocytes is expected to detoxify a diverse set tributes somewhat to EROD activity, the predominant contribution is from CYP1A1-mediated catalysis (13). of chemical species while providing the added benefit of 610 ROY ET AL.
The addition of dicumarol prevents further metabolism culture. The co-culture was maintained in culture medium for 3-4 days prior to the bioreactor flow experi-of resorufin by the cytosolic enzyme diaphorase and improves the sensitivity of the assay (13).
ments. Hepatocytes were induced for the cytochrome P4501A1 enzyme using 2 µM 3-methylcholanthrene We have previously described a flat-plate microchannel bioreactor with an internal membrane oxygenator (3MC) during the final 48 h in culture prior to the experiments. (19), designed especially to accommodate hepatocytes that are highly metabolic and oxygen consumptive (16, 22) .
Flow Experiments This bioreactor design with membrane oxygenation en-Cytochrome P450 activity was evaluated by microsures adequate oxygen delivery to the hepatocytes indesomal o-deethylation of resorufin ethyl-ether. Culture pendent of media flow rate (19). In addition, we have slides were placed in the bioreactor and were perfused shown that co-cultures of rat hepatocytes and fibroblasts with either HEPES-buffered HBSS or culture medium on collagen-coated glass slides display high synthetic with 1 µM ethoxyresorufin and 6 µM dicumarol. The function and stability over 10 days of continuous bioreconcentration of fluorescent resorufin in the reactor actor operation (19) . In our present work, we report the eluent was determined using an online fiber optic probe effect of varying Peclet number (modulated using flow (Ocean Optics, Dunedin, FL) or a microplate reader with rate) on rat hepatocyte EROD activity in our BAL reacan excitation/emission filter set of 530/590 nm.
tor. By combining static culture and flow experiments
Our membrane bioreactor has a microchannel height with a convection-diffusion-reaction model of subof 50 µm, length of 7.5 cm, and width of 2.5 cm (Fig. strate/product transport within the bioreactor, we are 1). The range of flow rates used was 0.1-1.5 ml/min. able to identify convective mass transfer of substrate as Based on our previous studies (19), we have estimated the lowest order effect in the observed increase of that the cell surface oxygen tension in our bioreactor is EROD activity with Peclet number (Pe). Our results sugno less than 30 mmHg irrespective of flow rate and is gest that Peclet number can be used to control and optiadequate for cell survival and function. The concentramize the detoxification function of hepatocytes in the tions of inducer (3MC), substrate (ethoxyresorufin), and BAL reactor.
inhibitor (dicumarol) were optimized based on previous MATERIALS AND METHODS static culture experiments to obtain strong fluorescence signals of the product resorufin.
Reagents
Dulbecco's modified Eagle's medium (DME, with 25 Static Culture Experiments mM glucose and 4 mM glutamine), fetal bovine serum Co-cultures were also maintained in 12-well culture (FBS), Hank's balanced salt solution (HBSS), penicillin, plates in which hepatocytes and 3T3-J2 cells were and streptomycin were purchased from Life Technoloseeded at 2.5 × 10 4 and 7.5 × 10 4 cells/cm 2 , respectively. gies (Gaithersburg, MD). Hydrocortisone was from Ab-Ethoxyresorufin o-dealkylation activity was determined bott Laboratories (North Chicago, IL), and glucagon was by kinetic measurement of resorufin fluorescence in the from Eli Lilly and Co. (Indianapolis, IN). Insulin was microplate reader using the same buffer/medium as the from Novo Nordisk A/S (Bagsuaerd, Denmark), 3-methperfusate with 6 µM dicumarol and different concentraylcholanthrene and dicumarol were from Sigma Chemitions of ethoxyresorufin. cal Company (St. Louis, MO), and trypsin was from ICN Biomedicals (Costa Mesa, CA). Ethoxyresorufin THEORETICAL MODEL and resorufin were purchased from Molecular Probes A model of ethoxyresorufin detoxification in the bi-(Eugene, OR).
oreactor may be formulated based on the assumption Hepatocyte culture medium for experiments conthat there is no accumulation of substrate within the sisted of DME supplemented with 10% (v/v) FBS, 200 cells. Moreover, the uptake rate of substrate follows U/ml penicillin, 200 µg/ml streptomycin, 7.5 µg/ml hyfirst-order kinetics (see Results and Discussion). A drocortisone, 20 ng/ml EGF, 14 ng/ml glucagon, and 0.5 steady-state convection-diffusion model for ethoxyre-U/ml insulin. The pH of the culture medium, when sorufin (E) distribution within the bioreactor is then (see equilibrated with air containing 10% CO 2 , was 7.4. Fig. 1 ):
Cell Seeding and Induction
∂z 2 (1) Freshly isolated primary rat hepatocytes were seeded on collagen gel-coated glass slides (2.5 × 7.5 cm) at a subject to the following boundary conditions: density of 2.5 × 10 4 cells/cm 2 as described previously (19). On the following day, 3T3-J2 fibroblasts were E(0,z) = 1, ∂E(x,0) ∂z = 0, ∂E(x,1) ∂z = −DaE(x,1) (2) added at a density of 7.5 × 10 4 cells/cm 2 to form a co-given by 6µQ/(wH 2 ), where µ is the viscosity and w is the channel width.
RESULTS AND DISCUSSION
One of the primary functions of a BAL reactor is to remove toxic substances from the serum. Peclet number is an important bioreactor operating parameter that can be controlled easily by changing the flow rate. In our flat plate microchannel bioreactor, changing the Peclet number will change, among other things, the shear stress experienced by the hepatocytes and the transport of nu- cytes, it is important to distinguish between the shearing effect of flow and the mass transfer effect of flow. We have accomplished this by combining the results of purpose of determining the relationship between resoruis the diffusivity of substrate, k is the uptake rate confin production flux and cell surface substrate concentrastant, Da is Damkohler number, and Pe is the Peclet tion. This information was used to formulate the boundnumber. The Peclet number is the ratio of mass transfer ary conditions of the detoxification model. Kinetic by convection to mass transfer by diffusion of the submeasurements were made in 12-well tissue culture plates strate. The Damkohler number may be defined as the that were gently shaken during the experiment to miniratio of substrate uptake by cells to substrate transport mize the formation of extracellular concentration gradiby diffusion. The solution to eqs. (1) and (2) is given as ents. Figure 2 (Fig. 2) yields an apparent first-order rate constant. The production flux of resorufin is approxitan(λ n = Da λ n , and mately 50% of the uptake flux of substrate (5) , and as-
The production of resorufin (which is measured experimentally) may be predicted by a similar convection-diffusion model where the production flux of resorufin is half the uptake flux of ethoxyresorufin, due to production of conjugated nonfluorescent resorufin (5) . The concentration of resorufin (R, made dimensionless with E in ) in the reactor eluent is then:
Pe ͬͮ (4) with Pa = k 2U and other variables as defined previously.
We define a production rate or EROD rate (F res , units of the flow rate. Shear stress experienced by the cells is suming that there is no accumulation of substrate within each cell, the rate constant is 17.6 × 10 −3 cm 3 /s/10 6 hepatocytes (k is the product of the rate constant and the hepatocyte seeding density).
Detoxification Under Flow
The goal of these experiments was to determine how hepatic detoxification proceeds under flow (changing Peclet number) in the bioreactor. Experiments were conducted by maintaining pressure driven flow of buffer or medium containing 1 µM ethoxyresorufin and 6 µM dicumarol through the bioreactor. The reactor eluent was continuously monitored for fluorescent resorufin using either a flow-through cell with a fiber optic sensor or a fluorescent plate reader. Figure 3 depicts the attainment of a pseudo-steady-state detoxification rate at Pe = 500 333 (data not shown) and 1000 (see Fig. 3 ). In both cases, stable detoxification rates were observed. The discontinuities observed in Figure 3 resulted from momen-Pe, resorufin concentration in the eluent was measured tary stops in flow during the experiment.
for a period of 2-2.5 h at each Pe. The normalized A resorufin production rate or EROD rate (F res , prod-EROD rate increased nonlinearly as a function of Peclet uct of concentration and flow rate) was computed using number (see Fig. 4 ). Different experiments where Pe the steady-state concentration at each Pe. The absolute was increased or decreased at regular time intervals rate differed from slide to slide due to variations in cell yielded similar rate versus Pe data. The range of shear number and function. To account for slide-to-slide varistresses corresponding to Pe of 167-2500 was 1.6-24 ability, the rate was normalized with the EROD rate obdyne/cm 2 . tained at Pe = 500 (Q = 0.3 ml/min). In experiments
In order to ascertain that the detoxification function where steady-state rate was determined as a function of was displayed solely by hepatocytes in the co-culture and to demonstrate the long-term functional stability of the co-culture, we conducted control experiments. Data for controls are presented in Table 1 indicating that: a) 3T3-J2 fibroblasts do not display any CYP1A1 activity, and b) EROD activity was observed up to 14 days after isolation with 48 h of induction.
Detoxification Model
A mathematical model is of considerable value in gaining insight into the multiple effects of changing Peclet number in the BAL reactor. We have employed a steady-state convection-diffusion-reaction model (see Table 1 . Normalized EROD Rate of Controls at Pe = 1000.
Controls
Day of Experiment EROD Rate Figure 3 . Attainment of pseudo-steady-state detoxification rate at Pe = 1000 (Q = 0.6 ml/min). Resorufin concentration Fibroblasts only 6 no EROD (nM) in the reactor eluent is plotted against time (h). Inset:
Co-culture 6 1.64 ± 0.3 Approach to steady-state detoxification at Pe = 500 (upper Co-culture 10 1.11 curve) and Pe = 1000 (lower curve). Data are from different Co-culture 14 1.41 slides (not normalized).
Theoretical Model section) of substrate/product trans-
can be determined by further analysis using mathematical models and relevant experimental data as discussed port in the bioreactor to identify the role of convective mass transfer in enhancement of resorufin production below.
Oxygen is a critical nutrient for the highly metabolic rate with Peclet number. An important boundary condition in our model formulation arises from static culture hepatocytes. The physiological range of oxygen tension in the liver is believed to be 5-90 mmHg (4, 11) . Our experiments that suggest a linear dependence of substrate uptake rate on cell surface substrate concentration. lab (2) has presented evidence suggesting that CYP1A1 activity is significantly enhanced at low oxygen tensions Our estimate of the Damkohler number (Da) in the model is 0.55 based on substrate diffusivity of 4 × 10 −6 (ϳ1.4 mmHg) but remains mostly unchanged at higher tensions (>21 mmHg). An oxygen transport model (19) cm 2 /s. Figure 5 is a plot of model prediction of cell surface substrate concentration as a function of distance applied to our present flow experiments predicts the cell surface oxygen concentration to lie between 30 and 160 along the reactor length at different Peclet numbers. At low Pe (<500), hepatocytes located near the reactor exit mmHg. Thus, we may conclude that cell surface oxygen tension does not significantly contribute to the observed encounter lower concentrations of substrate and produce less resorufin. As the Peclet number increases, there is increase in resorufin rate with Pe. With respect to the second point above, Wosilait and greater convective transfer of substrate to all cells in the reactor leading to higher uptake of substrate and the con-coworkers (21) found the uptake rate of dicumarol to be linear with extracellular dicumarol concentration (<75 sequent higher production rate of resorufin. The model [see eq. (4)] was used to predict the change in EROD µM) for isolated rat hepatocytes. We employed a solution similar to eq. (3) to estimate the change in cell sur-rate with Peclet number and the result is shown by the solid line in Figure 4 . The model provides reasonable face dicumarol concentration with Pe. With a Damkohler number of 0.04 [data from (21) ], we found agreement with the experimental data shown in Figure  4 . This suggests that enhanced convective mass transfer dicumarol concentration to vary between 4 and 6 µM over the Pe range of 150-2500. Separate static culture is the primary effect of flow resulting in increased EROD rate with Peclet number. experiments using different dicumarol concentrations (between 4 and 10 µM, substrate concentration un-Effect of Convective Mass Transfer changed) showed no change in resorufin flux (results Our main experimental observation is the nonlinear not shown). This allows us to conclude that increased increase in resorufin production rate with Peclet number dicumarol uptake at high Pe does not significantly en-(see Fig. 4 ). The convective mass transfer contribution hance the resorufin production rate. Moreover, the good to the observed increase in EROD rate can be due to: a) fit of model predictions with experimental data (Fig. 4 ) change in cell surface oxygen tension, b) increased upimplies that the effect of Pe on uptake rate constants is take of dicumarol, and c) increased uptake of substrate.
small. The relative importance of each of these contributions As demonstrated by our experimental data ( Fig. 3 ) and theoretical model ( Fig. 4) , the main contribution of convective mass transfer occurs via increase of cell surface substrate concentration with Peclet number (see Fig. 5 ). Additionally, there is no consensus in the current literature on the range of shear stresses that are conducive for hepatocyte function. It may be concluded from this study that hepatic detoxification function is not adversely affected by shear stresses as high as 10 and 24 dyne/cm 2 for time periods of 12 and 2 h, respectively.
In our experiments, by increasing the Peclet number from 167 to 1667 the detoxification rate was increased by an order of magnitude. Peclet numbers greater than 1667 do not provide greatly increased detoxification rates. Thus, there is an optimum Peclet number range between 1000 and 2000 for detoxifying molecules (that follow a first-order uptake rate) in our bioreactor. In general, medium or plasma will contain numerous biomolecules of high and low molecular weight and higher 
